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ABSTRACT

Microprisms and microprism arrays have been proposed and then successfully
demonstrated for two-dimensional (2-D) and three-dimensional wide-band optoelectronic
interconnects. Microprisms with linear dimensions from ~100 tm to ~1 mm were
fabricated using fiber-drawing and plate-cutting methods. 2-D optical interconnects using
microprisms as the input and output couplers in conjunction with an optical bus were
demonstrated. Ten parallel channels were simultaneously provided by using a 670 nm
laser diode array. Coupling efficiency as high as 81% was experimentally confirmed. The
measured 3 dB bandwidth using a microprism for free space to optical bus coupling was
measured to be 250 nm (710 nm to 960 nm). The coherent pace of the material dispersion
for the microprism and the optical bus explains the ultrawide coupling bandwidth which is
around 2 orders of magnitude higher than that of holographic optical elements (HOE:s).

A 3-D board-to-board optical interconnect with 60 GHz bandwidth (microwave) and 22 dB

signal-to-noise ratio (equivalent to a bit error rate of 10-10) was realized using four
microprism couplers.

Finally, due to the innovativeness, the practicality and the cost effectiveness of the
proposed concept, a myriad of feasible applications present themselves. These include
clock signal distribution multi-wafer optical interconnects for 3-D muiti-processor
computers, optical sensing probes, phased array antennas, and plasmon resonant devices.
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1.0 SUMMARY

The need for higher throughput, greater connectivity and resistance to electromagnetic and
radio frequency interference in the areas of computer interconnects, networking,
communications, and sensors calls for replacement and hybridization of the present-day
electronic components with optical and optoelectronic devices. One-dimensional and two-
dimensional modulator arrays [1.2], high density optical memory devices [3] and high-speed
optical data buses [4-3] are some of the most important technologies where optoelectronic
devices [8.9] can replace existing devices. One of the major unsolved problems in realizing
a high-speed, highly-parallel optoelectronic system is the lack of appropriate microstructure
optical components to interface the various discrete optical components. Recently, optical
interconnects using the combination of lasers, waveguides (fiber and integrated optics) and

holographic optical elements (HOEs) were proposed [6.7] and then developed. Routing of
an optical signal from site-to-site through these components is intrinsically narrow-band
because of the stringent requirement of the phase matching condition for the diffraction
HOE.

In this program, Physical Optics Corporation (POC) proposed and then successfully
developed a wide-band microprism coupler. Microprism design and fabrication were
accomplished first. The coupling bandwidth was experimentally determined. A coupling
bandwidth of 250 nm from free space to the single-mode optical bus was demonstrated.
Wavelength dispersion of both the microprism and the optical bus was considered. The
extra large coupling bandwidth is due to the coherent pace of the dispersion relation of
these two material systems.

Demonstration of 2-D and 3-D optical interconnects, including a 30 cm intraboard
interconnect and 60 cm board-to-board interconnect also took place in this program. The
bandwidths of these demonstrations are as high as 60 GHz, while the signal-to-noise ratio
is 22 dB, corresponding to a bit error rate (BER) of 10-10, The major achievements of the
Phase I program are summarized in Table 1, with the HOE:s as a reference. Microprisms
outperfrom HOE:s in features 1, 3, 4, 5, 8, and 9. Three-dimensional (3-D) interconnects
represent the most serious bottleneck of current high performance computers since they are
longer. The interconnection hierarchy of all existing interconnect schemes is shown in
Figure 1. Machine-to-machine interconnects are largely optical fibers. Three-dimensional
interconnects involving board-to-board and module-to-module interconnection are the
major impediments for highly parallel multi-processor computers. The achievement of a
60 GHz wide-band 3-D optical interconnect with 22 dB signal-to-noise ratio using
microprism in conjunction with optical data bus (further information is presented in
Section 5.0) detailed in this report represents the most successful result demonstrated so
far. Advantages such as high coupling efficiency (3), cost effectiveness (4) and mass
producibility (5) are also important factors with which the HOE counterparts cannot
compete. Applications of the proposed technology include clock signal distribution for
synchronous buses, multiwafer scale integration for ultrafast fine-grained computers,
optical backplanes, optical sensor probes, phased array antennae and surface plasmon
resonant devices.



Table 1. Demonstrated Features of Microprism with HOEs as a Reference

Feature Microprisms HOEs
1. Coupling Bandwidth 250 nm <10 nm
2. Size to 100 ym@ to 100 um?2
3. Efficiency 82%P 70%C
4. Cost Lowd Highd
5. Mass Producibility Yes No®
6. Substrate Transferability Yes Yes
7. 2-D Interconnect Yes! Yes!
8. 3-D Interconnect Yes Not Practical9
9. Demonstrated Microwave 60 GHz/22 dB 500 MHz
Bandwidth signal-to-noise ratio
a Size can be even smaller; however, smalier than 100 um may not be useful.
b Theoretically it is 87% [1%l. In Phase I, we demonstrated 82% etficiency.
¢ Theoretically it can go as high as 90 - 100%. The experimental resuits were ~70%.
d Microprisms made by fiber-drawing can cost as low as 10¢/piece while high-efticiency

volume HOEs are high in cost (~$10/piece in large quantities).

Thin hologram with low diffraction efficiency can be made with embossing technology.

High efficiency HOEs are made piece by piece through direct laser beam recording.

f Both are useful for 2-D interconnects. For a large fan-out number, multiplexed HOEs will
be the device of choice.

g This is the most important drawback of HOE-based optical interconnects; they are
intrinsically narrow-band (<10 nm). On the other hand, microprisms have a demonstrated
3-D coupling bandwidth of 250 nm (feature 4), the highest ever demonstrated.

(4]

2.0 WAVELENGTH DISPERSION OF THE MICROPRISM AND
THE OPTICAL DATA BUS (ODB) '

To efficiently couple wide-band optical signals into and out of an optical data bus (ODB)
through a microprism (Figure 2), a phase matching condition must be satisfied, i.e.,

N, cos 0= Ng - cos 62 ¢}

where Ny and Ng are the refractive indices of the prism and waveguide, respectively, and
01 and 97 are as indicated in Figure 2. Note that Ng-cos 62 is the effective index (Neff) of
the ODB. The angle 0] can be represented as

91=§-‘P+5 ()




Computer to Computer ® 11010%m
Board to Board ® ~-1m
Module to Moduile ® <30cm

Intra-Module (MCM*) ® 10cm
Intrachip ® 1cm
I 100 um
On Chip Vertical
Interconnect
Interconnection
* Multichip Module Distance

Figure 1
Interconnection Hierarchy
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Figure 2
Side View of Optical Wave Coupling From Microprism to Optical Data Bus




In Eq. (2) ¢ and J are the prism angle and the prism deflection angle (Figure 2),
respectively. A wide coupling bandwidth from the prism to the optical data bus (ODB)
means that, for a fixed angle 8 and thus «, an optical beam with a large optical bandwidth
can be coupled into and out of the ODB. Based on Eqgs. (1) and (2), a wide-band
microprism coupler (MPC) shall have

dN _ d(NE cos6,) _ d(Ngcosez)
dA dA dA
Ap<h <Ay A<k <hg Mk <hp ()

(A1, A2) is the wavelength interval to be coupled. Eq. (3) is valid for both 2-D and 3-D
optical interconnects involving microprisms. Eq. (3) implies

dN g _A_dND =B-ng

a0 dA dA 4)

where A = cos 01 + sin 61 (d6 / dNp) and

B =sin (p—sin'1 SIno + N, cos (p—sin_l sSme .
NP NP
. =1 N 2
sin || 21| . —2—sina (5)
N, \/1_s1na

p

All of the physical parameters involved in Eq. (5) can be found in Figure 2. Eq. (4) is the
criterion needed to provide a wide-band MPC. Generally speaking, optical material
maintains the behavior of its dispersion relation when the optical wavelength shifts. This
statement is correct except in the anomalous dispersion region (9]. The exact value of A and
B can be determined from experimental data. The optimizatiun of the material combination
will provide us with an MPC optical data bus for large-scale optoelectronic integrated
systems. One of the Phase I -1ajor tasks was to determine the values of A and B for
different materials. The 250 nm bandwidth (with a fixed « angle) was demonstrated with
the combination of LaSF9 glass and the optical data bus. Note that the size of the detector
for a prism-based 3-D interconnection can be much smaller than for a HOE-based
interconnection due to the fixed o angle. As a result, a higher speed detector can be

implemented on the receiver (8],

2.1 The Need to Use Microprisms

Although prism couplers can provide wider coupling bandwidths, a conventional prism
coupler still cannot efficiently couple light from waveguide to fiber or from waveguide to
waveguide. The in-plane scattering and Gaussian beam divergence enlarge the prism-
coupled spot size (elthcr m-dot or m- lmc) in the direction WMME
irection. The larger the prism, the larger the spot size. Figure 3 shows the
schematic of the spot sizes coupled out from (a) a microprism and (b) a conventional prism.



The diameter of the spot coupled out by the microprism is compatible with multi-mode
fibers (50/125, 62.5/125, 100/140 um). The spot size out of the conventional prism is too
large to be matched with a multi-mode fiber. The innovative method we propose provides
an easy and feasible way to solve this interface problem. The success of this project will
have a significant impact on networking for phased array antennas where both optical fibers
and single-mode integrated optical devices are involved. Furthermore, the real-estate of
optoelectronic surfaces is heavily occupied by VLSI circuits including logic gates, data
buses, memory chips, etc. Implementation of the wide-band MPCs is the only method to
provide board-to-board (3-D) and intraboard (2-D) interconnects. Note that the interface
problem between multi-mode fibers and the single-mode ODB has not been solved to date.
The idea shown in Figure 3 provides a feasible solution.

m dnt from Microprism A = + Fiber Core

m dot from Conventional Prism B = +

~
[
-~
Optical Data Bus PN
' I\
] ~
1 A
—f-
A B
Figure 3

Spot Sizes of a Guided Wave From an Optical Data Bus Coupled Out by a Microprism
(~ 100 um) and a Conventional Prism (3 mmto 1 ¢cm)

3.0 MICROPRISM FABRICATION

The ultimate goal of this program is to demonstrate a microprism-based optical
interconnection network suitable for a large-scale optoelectronic system. The physical
parameters of the microprisms are summarized in Figure 4.

The most important parameter is € since it determines the input and output coupling angles
for board-to-board and module-to-module optical interconnections. Although much smaller
prisms can be made, the physical sizes of these prisms are fixed in the neighborhood of

1 mm. The microprisms introduced in this program will be a key element for board-to-
board and module-to-module optical interconnects (Figure 1).




(@)
e=56.0°10.1°
A =1.00+0.05 mm
o B B =1.79 £ 0.05 mm
C=1.48 £0.05 mm
€
—
A =1.00£0.05 mm
(b) C B =1.00+0.05 mm
C=0.39£0.05 mm
D =0.44 £ 0.05 mm
E =0.35+0.05 mm
F=0.50+0.05 mm
o =45.0°%+0.1°
B=350°%0.1°
© e =277+0.1°
c A=1.00%0.05mm
8 B =0.52 + 0.05 mm
€ C=11320.05mm
A
(d) D
e =773+0.1°
c B A =1.00+x0.05 mm
B =1.00 £ J.05 mm
C=1.03%20.05mm
. D =0.77 £ 0.05 mm

Figure 4
Microprism Design Parameters. The material is LaSF9, ng32 g8 = 1.845.
The shapes shown are cross sections.

There are two ways to produce the MPCs. They are (1) prism fiber drawing and (2) plate
cutting and polishing. Microprism fibers are made by first preparing a glass blank, or
preform, which has the shape of the microprism desired. Once the preform has been
developed, the microprism fiber is drawn from the preform. The elements of a typical
drawing tower are shown in Figure 5. The preform is placed in a furnace where the tip is
heated to 2100° - 2200°C. A capstan pulling apparatus is used to pull or draw the fiber into
a specified diameter. While the microprism fiber is drawn, the size of the prism is
controlled by the drawing speed. The size of the microprism fiber is monitored during the
drawing process by a laser gauge. The fiber drawing process impacts the optical
characteristics, dimensions and strength of the fiber. The optical properties are affected by
the atomic absorption in the glass structure, contaminants that become trapped in the fiber




during the drawing process, density fluctuation of the glass, and microbending loss due to

improper coating design (%} and application. Cleanliness during the process is very
important.

Downfeed
Mechanism

Preform

_——— Furnace

[l\\\\\\\\“&
RN

&c—y— Prism Size Monitor

Microprism
Fiber

Coater

Drawing Tractors

Tensile Strength Monitor

Winding Drum

Figure 5
Schematic of a Microprism Fiber Drawing System (6]

The three faces of the MPC are precisely controlled (to a few |im accuracy) during the
fabrication process. The length of the prism is determined by final cutting after the
formation of the microprism fiber.

The second method of fabrication is by plate cutting and polishing. The process of
fabrication is straightforward. After stacking a number of glass plates with the desired
thickness, iteration of alignment, followed by cutting and polishing procedures will result
in MPCs with the desired geometry. Figure 6 shows the process of fabrication.

Microprism fiber drawing is appropriate for mass production, while plate cutting and
polishing is good for small quantity prototype demonstration. It is expected that by the end
of Phase II, POC will have the mass production capability to generate the proposed devices
for both the civilian and military markets. Figure 7 shows MPC/ODB integration using a
70°-55°-55° microprism. The prism shown in Figure 7 was generated through plate
cutting and polishing. A small number of microprisms can be produced with this method.
For large quantity fabrication, microprism fiber drawing is more realistic. The microprisms
shown in Figure 4 were fabricated by fiber d'1wing. The cross section of the microprism
was controlled by the winding speed of the fiber drawing setup (Figure 5). The desired
dimension of the fiber prism was achieved by cleaving the prism fiber. Figure 8 displays
the cross sections of three-microprisms with the dimensions described in Figure 4.
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Figure 6
MPC Fabrication Using Iteration of Plate Alignment, Cutting and Polishing

Figure 7
MPC/ODB Integration Using 70°-55°-55° Prism




Figure 8
Fabricated Microprisms with Cross Sections Equivalent to
{a) Figure 4(a), (b) Figure 4(b), (c) Figure 4(c), and (d) Figure 4(d)

4.0 DEMONSTRATION OF 2-D OPTICAL INTERCONNECTS

The first interconnection experiment which we performed was a 2-D optical interconnect
involving two microprisms and one polymer-based optical bus. Microprisms with linear
dimensions from 1 mm to 40 mm were used for this purpose. In a prism coupler, the
incoming laser beam is totally reflected at the base of the prism and the lightwave in the
prism is coupled into the optical bus, i.e., waveguide, through the evanscent fields. The
direction of the laser beam in the prism must be such that the synchronous condition (Eq.
(1)) indicated by the vector diagram shown at the right of Figure 9 is satisfied. The
maximum coupling efficiency can be achieved when

1 2
——£i{Tl“/2ttan 6, = 1.25
2 l I / 1 6)

where £ is the coupling length (Figure 9), t is the waist of the Gaussian beam, 6, is the
prism coupling angle (Figure 2) and

T o T* = e-2kd 5in26¢; sin2¢y @)

In Eq. (7), ¢1 and ¢ are the Fresnel phase shifts at the film-air and prism-air interfaces, k
is the decay term of the waveguide mode in the air/optical bus interface, and d is the air gap
between the microprism and the optical bus (see Figure 9). Itis clear from Eq. (7) that the
value of d plays an important role in maximizing the coupling efficiency. Conventionally, a




Substrate

Figure 9
Schematic of the Phase-Matching Condition for Microprism-to-Optical Bus Coupling

prism clamp was employed to minimize the air gap. Experimentally, coupling efficiency as
high as 88% was reported by Ulrich [10] in 1970. An important feature we have
demonstrated in Phase I is the attachment of the microprism to the optical bus through van
der Waals force. Since the microprism is so small, and thus light in weight, the two optical
elements, i.e., microprism and optical bus, can be joined together without the external
binding force needed for the conventional microprism. This greatly enhances the
integration of systems involving many processing nodes. The experimental results for 10
parallel channel interconnections are displayed in Figure 10. Free space-to-optical bus
coupling using an input microprism coupler is shown in Figure 10(a). Ten optical bus
channels are evenly distributed. The separation of each channel is 2 mm, chosen to provide
visual clarity. Microprisms can be used for coupling not only into the optical bus but also
out of the optical bus. Figure 10(b) demonstrates both schemes. The optical guided waves
can be coupled in and out uniformly, as indicated by the photograph.

(@ (b)
Figure 10

Ten Channel Parallel Coupling with (a) an input Microprism Coupler, and (b} an input and
Output Microprism Coupler

10



The optical power coupled out from each channel was measured and the data is illustrated
in Figure 11. The maximum output power difference is within 5% over all 10 channels.
The uniformity of the output power represents an unvarying air gap, d, all over the couping
area. The coupling efficiency for a single channel was further measured using a tunable Ti-
sapphire laser. The measurement setup is shown in Figure 12 in which the optical bus
coupling stage, Argon laser (pumping source), Ti-sapphire laser, collimator, vidicon
camera, TV monitor, and power meter are clearly shown. The measured result is
delineated in Figure 13. Coupling efficiency as high as 81% is observed and the 3 dB
coupling bandwidth is more than 250 nm. Note that the output coupling efficiency (optical
bus-to-free space) of 100% can be easily achieved. The result outperforms hologram-
based 3-D coupling, which has a typical bandwidth of less than 10 nm.

400

3007
200

100

71 T T T T 1T 1T T 1T ™=
1 2 3 4 5 6 7 8 9 10

Channel Number

Optical Power (Arbitary Unit)

Figure 11
Measured Output Power of Each Channel

Ti:AI20 3 4-41 Argon Laser

Laser
IR
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Rotational Stage
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Microprisms Beam

Splitter
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Figure 12
Experimentai Setup for Coupling Bandwidth Measurement
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Figure 13
Measured Coupling Bandwidth of Microprism to Optical Bus Power Transfer

We achieved a 60 GHz board-to-board optical interconnection using polymer optical buses
in conjunction with microprism couplers. An intra-board interconnection distance as long
as 30 cm was previously demonstrated (111, The result demonstrated in this project
employs two optical bus boards containing a graded index (GRIN) polymer

waveguide [12]. Board-to-board interconnection was realized using microprism couplers
made out of LaSF glass. The current performance of state-of-the-art electronic systems,
especially large computers, is limited by electrical interconnects rather than the on-chip
processing speed. As the number of components per chip and the processing speed
increase drastically, electrical interconnection becomes inadequate on module-to-module
and board-to-board levels [13]. A multi-chip module (MCM) for a high speed, highly
parallel electronic system (e.g., IBM's System/390 mainframe uses an MCM that holds
121 chips, spaced about 3/8 inch apart) was implemented to minimize the speed limitation
imposed on electrical interconnections (EI). However, the intrinsic characteristics of
conventional electrical interconnections prohibit transmitting a 1 GHz signal farther than

1 mm (141, The use of transmission lines involves ground plane implementation, becomes
dispersive, and results in significant losses from the skin effect as the speed increases.

In this section, the demonstration of 60 GHz board-to-board optical interconnections with
distances as long as 55 cm is presented. The demonstration used single-mode graded index
(GRIN) polymer waveguides in conjunction with microprisms. The high speed optical
signal was generated by coherently mixing two lasers: W, = A cosw,t and

V¥, = B cosm,t.

At the receiving end, the demodulation process involves a square law detector which
displays the intensity of the optical signal. That is (13]
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I= ﬂ[A2 + B2 +2C(00peqr ) cOSQ - AB COS((Dbeat‘)]

hw 8)

where Wheat = ®; - 0, € is the electron charge, 7 is the quantum efficiency, Aw is the

photon energy, C(wpegy) is the frequency response of the detector and @ is the angle
between the polarized directions of the two light waves. The frequency of the beat signal is
controlled by the frequency separation of the two lasers. By coherently mixing y; and ,,
the detected signal represented by Eq. (8) contains a combination of the DC part and a
modulated part. The result represented by Eq. (8) is equivalent to that of an optical wave,
modulated at a microwave frequency Wy, The two lasers we employed were a Kiton red
dye laser (600 nm to 640 nm, 400 mW) and a frequency stabilized HeNe laser

(632.8 nm, 0.6 mW). The wavelength of the dye laser was locked to an external-
temperature-stabilized Fabry-Perot reference cavity. The linewidth and stability of both
lasers was typically less than 2 MHz. Propagation of the mixed optical waves from input
port to output port is illustrated in Figure 14(a). A schematic representation of

Figure 14(a) is depicted in Figure 14(b). The coupling stages are not shown in Figure
14(b). Due to the GRIN property of the polymer thin film [11.12], the optical bus boards
can be made out of any substrate of interest, such as AlpO3, Si, GaAs, glass, or PC board.
Our demonstration was done using BK-7 glass substrates. The measured optical insertion
loss from location 1 to location 4 (Figure 14) was ~ 6 dB (excluding Fresnel reflection).
The input TEMg mode (location 1) and the m-dots coupled out at locations 2 and 4 are
shown in Figures 15(a), (b), and (c), respectively. Formation of the well defined m-dots
verified the quality of the polymer waveguide. The in-plane scattering of the optical bus
board was very small. The polymer waveguide implemented has a wide optical
transmission bandwidth from ~ 300 nm to ~ 2800 nm (121, As a result, intra-board
optical interconnections using ultraviolet, visible, and near infrared wavelengths as the
signal carrier can be realized.

The experimental setup for the high speed board-to-board optical interconnection is shown
in Figure 16, where the coherently mixed optical signal is collinearly coupled into the first
optical bus board through a prism coupler. The optical bus board is adjusted such that the
tangential components of the electromagnetic fields are continuous at the
prism/gap/waveguide interface to generate "optical tunneling”. The optical beam containing
the wpear (Eq. (8)) propagates across the first optical bus board and then couples out of the
first board using another prism coupler. To efficiently couple the optical wave from the
first optical data board to the second one, control of the profile of the beam coupled out
from the output prism coupler of the first optical data board is extremely important. A good
quality optical waveguide and an appropriate prism-to-waveguide attachment provided us
with an output beam with well defined m-dots (Figure 15(b)) which facilitated the coupling
into the second optical bus board. By employing a similar technique, a good quality m-dot
was coupled out of the second optical data board (Figure 15(c)). The optical "signal”
coupled out of the second optical bus board was focused onto the detector using an 10x
objective lens. The demodulation scheme is shown in Figure 16. The detector is a three
stage amplifier circuit consisting of a discrete AlGaAs/InGaAs high electron mobility
transistor (HEMT) [16] in series with a two stage 60 GHz millimeter-wave monolithic
integrated circuit (MMIC) amplifier [17]. The optical mixing takes place in the active region
of the discrete HEMT device. The 60 GHz output was amplified by the MMIC and fed into
waveguide via a microstrip to coaxial to waveguide transition. The signal was then
downconverted to intermediate frequencies (1-2 GHz) using a directional coupler fed local
oscillator (Klystron) and a waveguide mixer. In the initial phases of this experiment,
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(a)

Polymer-Based Optical Bus Board

To High Speed
\ Detector
l

Input Beam 3

Microprism Couplers

(b)

Figure 14
(a) Photograph of Board-to-Board Optical Interconnection Using Polymer-Based Optical
Data Boards in Conjunction with Microprisms, and (b) Schematic of Figure 14(a). The
coupling stages are not shown.
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(a) (b) ©

Figure 15
Near-Field images of (a) TEMgg Laser Light at Location 1 (Figure 1(b)), (b) Mode Dot at
Location 2, and (c) Mode Dot at Location 4.

continuous tuning of MWpea; from 1 GHz to 25 GHz was demonstrated to establish the large
bandwidth capability of this system. We then switched to the highest frequency of our new
detection system and the result shown in Figure 17 is the heterodyne detected signal at

60 GHz. As previously mentioned, the beat signal represented by Eq. (8) is equivalent to
a modulated base band signal using a high speed laser diode or an external modulator
driven by a single frequency microwave source. The availability of a high speed
transceiver will allow us to demonstrate board-to-board optical interconnections with fully

on-board modulation and demodulation capabilities [8.1%]. A GRIN polymer waveguide

lens (201 can also be used to provide a diffraction-limited spot and thus achieve high speed
signal detection.

The experimental results demonstrated in this project conclude that the GRIN polymer
waveguide can be used as a high speed optical bus for board-to-board optical

interconnection with speeds as high as 60 GHz and bit error rates (BER) of 10-10 (22 dB
signal-to-noise ratio). It should be noted that the limit on speed was imposed by the system
power budget rather than the polymer-based optical bus board. A 1 GHz board-to-board

optical interconnection through free space was previously demonstrated (211, Here a

60 GHz board-to-board optical interconnection involving a single-mode polymer
waveguide is reported for the first time. For the three-dimensional (3-D) optical
interconnection demonstrated in this program, board-to-board interconnections were
realized through free space rather than an optical backplane (22]. Optical interconnections
through a backplane introduce an extra degree of material dispersion and thus impose a
more stringent speed limit for 3-D optical interconnections. 3-D optical interconnections
using holographic optical elements (HOEs) turn out to be impractical [13] due to the
required phase-matching condition associated with them. Such coupling devices are
intrinsically narrow-band, which strictly limits the availability of light sources. To cover
the required interconnection distances using HOEs while still maintaining a good power
budget, the entire area of the detector has to be enlarged to compensate for the deviation of
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Generation, Transmission, and Detection of 60 GHz Signal for 55 cm Board-to-Board
Optical Interconnection

the optical beam propagation due to the shift of the optical wavelength. Consequently, the
speed of 3-D optical interconnections involving HOEs will be significantly reduced. On the
other hand, the microprism we employed is a wide-band coupler. By fixing the input beam
at the coupling angle which is phase-matched to the effective index of the guided wave, a 3
dB coupling bandwidth of more than 250 nm was experimentally confirmed using a Ti-
Sapphire laser.

The beat signal, which was 60 GHz in our demonstration, is similar to an optical signal
modulated by either an external modulator or a laser diode using a 60 GHz single
frequency microwave as the modulation source. Implementation of transmitter and receiver
onto the optical data board will allow us to demonstrate a fully on-board optical
interconnection scheme involving modulation and demodulation processes.

Implementation of a polymer waveguide lens onto the optical data board will provide us
with a diffraction-limited spot and thus ease the demodulation criterion. The reported speed
limit is due to the system power budget rather than the GRIN polymer waveguide. Finally,
the combination of a GRIN polymer waveguide and a LaSF microprism provided us with a
250 nm free space to optical data board coupling bandwidth, which is two orders of
magnitude higher than for an HOE.
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Figure 17
60 GHz Signal Detected at Location 4 (Figure 14(b)). A 22 dB signal-to-noise ratio is
clearly indicated.

5.0 FURTHER APPLICATIONS

Microprisms and microprism arrays, due to their wide coupling bandwidth (>250 nm),
compact size, and cost effectiveness, are an important building block for a number of
crucial applications. These include clock signal distribution, multiwafer scale integration
for ultrafast 3-D optical computers, optical backplanes, optical sensor probes, phased array
antennae and surface plasmon resonant devices. In this section, we will described
applicable scenarios.

5.1 Clock Signal Distributi

There are two types of signals that need to be routed in a large-scale optoelectronic system.
They are data signals and clock signals. For a data signal, a high fan-out number is not a
necessity in most cases. However, clock signal distribution does require a large number of
fan-outs with minimum clock skew. In this case the multiplexed HOE is the device of
choice. The combination of a microprism coupler and a multiplexed HOE, shown in
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Figure 18 (holographic optical element), provides a massive fan-out clock signal. Note
that the grating spacing A can be much smaller than that of direct fan-out using the
waveguide/hologram combination directly. Smaller spacing of A drastically eases the
fabrication process, and thus, the cost of the multiplexed hologram.

Messive Fanout Beam

(nput Optical Data

optical Datas Bus Plane
Microprism

Multiplexed Hologram

Figure 18
Clock Signal Distribution Using the Combination of MPC and Multiplexed HOE.

w
[ %)

Multiwafer Scale Int ion for Ultrafast 3-D_Opical
Computers

The success of this project will solve numerous interface problems associated with large-
scale optoelectronic systems. Intra-chip, chip-to-chip, board-to-board, and system-to-
system interconnects are some of the most important applications. Most importantly, the
combination oi an optical data bus and microprism arrays will efficiently solve the interface
problem of coupling optical waves from single-mode waveguides to multi-mode fibers. A
multi-wafer integrated package involving proposed MPCs is shown in Figure 19. An

ultrafast speed 3-D optical computer can be realized based on this idea (231.

Note that the direction of the optical beams coming out of and thus into the microprisms can
be precisely determined by designing the prism angles. The prism on board #1 is detailed
in Figure 20 for vertical coupling.

The requirement of vertical coupling implies that
06 + 03 = /2 9

It is easy to show, from waveguide theory, that

0, =sin”! (Neff/Np) (10)

where Neff and Np are the effective index and prism index, respectively.
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Figure 19
Multiwater Scale Integration for Ultra-Fast 3-D Optical Computer Using MPC as the
Interconnection Tool
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Figure 20
Vertical Coupling Using Microprism in Conjunction with Optical Bus
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02 and 04 are predetermined through prism design, i.e., preform fabrication.
03 =mn-(0]1+0672),07=n/2-04,68=(n-67-0;-03) and B85 = (07 - 03).
From the Fresnel equation, we have

86 = sin"! (Np sin(67 - 83)) (11)

We have thus determined all the numerical values of the angles needed to generate a vertical
coupling. One crucial factor which needs to be taken care of in the prism design is that

angle 63 has to be smaller than the total internal reflection angle, i.e., 63 < cos"! 1/Np.

"The coupling prism for free space to optical bus coupling (board 5 of Figure 19) is further
illustrated in Figure 21. The angle /2 is the determining factor for successful coupling.
From Figure 21, it is obvious that

d 1
5= 5(T=9)
where
6 = sin”! [Neff]
N
P (12)
AN \\ §
< 2
AN
3 A e——
2 A ‘5 Receiver
1 2 Substrate
1
Figure 21

Microprism for Free Space-to-Optical Bus Coupling (Board 5 of Figure 19)

One precaution is that a high index prism Np shall be chosen such that 8/2 is larger than the
critical angle. The substrate material for board 5 (Figure 19) shall also be transparent to the
optical wavelength.

5.3 Miniaturized Sensor Probe

Another feasible apglication of the microprism is the miniaturized sensor probe.
Advancements in optical sensors have greatly changed the system designer's concepts of
ground-based and space-bome vehicles. The technology that is currently available for

optical sensing probes is summarized in Figure 22 (241 Lightweight and .mmunity to
electromagnetic interference (EMI) and pulsing (EMP) effects make both intrinsic and
extrinsic fiber optical sensors more attractive than any existing technology.
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The microprism-based sensor probe is coated with "analytes” which are sensitive to
parameters such as pressure and temperatures. A schematic drawing of the probe is
illustrated in Figure 23 where 2 quarter pitch GRIN lenses are employed to collimate the

optical wave coming out of and then into fibers. The spectrum of the optical source is

dependent on the bandwidth and the sensitivity of the analyte. For instance, a YIG
(Yttrium Iron Garnet) film can be used as an analyte for the electromagnetic sensor (based
on the Faraday effect) using a laser diode (narrow band) working in the near infrared as

long as an appropriate analyte is properly located.

Parameter

Technology

Temperature

Angular Velocity
Pressure

Shaft Speed
Tnear
Acceleration
Flow (Mass)
Voltage
Current
Flow (Volume)

Liquid Level

Pyrometer

Flame Sensor

Clearance

Proximity Switch

Vibration

TOM Digital Optical Code Plate

WOM Digital Optical Code Plate

Analog Gradient Filter Plate

Beam Interrupt/Puise Count

0|00} ®]| Rotary Position
olejele Linear Position

Microbend Modulated

Absorption Edge Shift

Retlective Diaphragm

Near Total Internal Reflection

Farady Effect

RamarvRaleigh Backscatter

Blackbody Radiation

Passive IR Analysis

Fabry-Perot Interferometer

Phosphorescent

Fluorescent

E-O Diffraction Grating

Michelson interferometer

Mach-Zehnder Interferometer

Sagnac Interferometer

Photo-Elastic

Power-By-Light (PBL)

Figure 22
Fiber Optic Sensor Technology Availability
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Figure 23
Microprism-Based Miniaturized Sensor Probe

5.4 Optically-Controlled Phased Arrav Antennas

A phased-array radar antenna to be implemented in the next generation Patriot missiles

consists of anywhere from 1000 to 10000 (251 regularly spaced individual elements. Such
a high degree of fan-out is beyond the limitations of current integrated optical
interconnection networks.

To solve the problem described above, POC has demonstrated discrete integrated optical
components. These components include a wide-band microprism coupler, polymer
waveguides, highly multiplexed waveguide holograms, heterodyning of two optical
signals, polymer waveguide lenses on Si and GaAs. To demonstrate an integrated optical
system useful for both optical control of microwave and signal processing, the on-chip
optical interconnection and processing network shown in Figure 24 can be used. The
phase and intensity modulator arrays are based on POC's experience gleaned from a
number of previous SBIR programs. Integrated optical circuits (I0OC) of this type will be
useful not only for the optical control of microwaves but also for optical signal processing.
For example, we can also demonstrate an EO modulator array (Figure 24) and a vector-to-
matrix multiplication module using a similar structure. By implementing the microprism
array which is ~100 pm or larger on the polymer waveguide surface, we are capable of
efficiently interconnecting discrete electrooptic devices in different interconnection
schemes.

5.5 Surface Plasmon Resonant Device Using a Microprism

Figure 25 shows the configuration that produces surface plasmon resonant abscrpuon
using the evanescent waves generated by a TIR prism.
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High Density Phase-Delay Lines Using Microprism Arrays in Conjunction with Integrated
Optical Circuits
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Figure 25
Surface Plasmon Resonant Device Based on Microprism
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The temporal frequency w of a surface plasmon polariton (SPP) in a metal-dielectric
interface is related to its spatial frequency K by the dispersion relation

wspp = cK| — +—

€M €D (13)
where c is the speed of light, € p the dielectric constant of the dielectric material, and € p is
the dielectric constant of the metal given by the function

wp?
em(@=1 - =B (14)
®

where @y is the plasma frequency of the metal. typically corresponding to the ultraviolet
wavelength of light. The dielectric constant € y of a dielectric material is the square of its
refractive index. Figure 26 is a graph of Eq. 14, showing the line for @, the free-space
dispersion relation given by

On =
D \/—% (15)

Figure 26
SPP Coupling to Evanescent Waves, with Free-Space Dispersion wp, Surface Plasmon
Cutoff wgp and SPP Dispersion Curve wgpp. Dotted lines show the coupling condition.

At low spatial frequencies, the SPP frequency is just to the right of the wp line, then it
turns through a knee to the asymptotic surface plasmon cutoff frequency

®

p
Wgp =
J1+ €p (16)

The condition for energy transfer from light to an SPP is that both spatial frequency K and
temporal frequency ® match. Because the SPP dispersion curve is to the right of that of
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light freely propagating in the medium, direct excitation by that light is not possible.
However, evanescent waves differ from freely propagating light because they propagate
parallel to the dielectric interface and have a dispersion relation dependent upon the angle of
incidence, 6, of light at the interface

Kg = Kpsin 6 an

When tie line represented by this relation crosses the SPP dispersion curve, the evanescent
waves will excite an SPP.

Because there is no discontinuity in the electric-field component parallel to the metal-
dielectric interface, it cannot excite surface charges. Thus the SPP electric field is always
normal to the surface and the magnetic field must always be parallel to it, so that surface
plasmon polaritons propagate with the magnetic field in the plane of confinement
(transverse magnetic (TM) polarization only). Thus, only the TM component of evanescent
waves will excite SPPs, and only the TM component in a waveguide can be modulated in
this way.

Experimental results of the surface plasmon resonant device are shown in Figure 27. A
HeNe laser was employed for this demonstration. The resonant angle was provided by
changing the angle 0 (Figure 25). A variety of devices based on this concept can be
imagined. High speed modulators and EM wave sensors are some of the most attractive
ones.

1.0

0.5~

Reflectivity —»>
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Figure 27
Measured Response of SPR as a Function of Incident Angle (A = 632.8 nm)

6.0 CONCLUSION

We have successfully demonstrated a microprism-based optical interconnection network for
system wide communications. Microprisms with linear dimensions as small as 100 um
was successfully fabricated using both plate cutting and fiber drawing methods. Unlike
conventional prisms, which need to be attached to the optical bus (waveguide) through
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external elements such as clamps and optical adhesives, the microprisms reported herein
were attached to the optical bus through van der Waals Force. No external instrument is
needed to provide optimal coupling.

Two-dimensional interconnects using microprisms as the input and output couplers were
demonstrated. Ten parallel channels were demonstrated simultaneously. The coupling
efficiency variation for this 10-channel device is within +5%, which implies that a highly
uniform gap between the microprism and optical bus was maintained. The coupling
bandwidth from free space to the optical bus using a microprism coupler was further
measured. A 3 dB bandwidth of >250 nm was experimentally confirmed. This is around
two orders of magnitude larger than for holographic optical elements (HOEs). The most
advanced demonstration for the Phase I program was the three dimensional board to board
optical interconnect. A signal carrier bandwidth (baseboard) of 60 GHz with 22 dB signal
to noise ratio, equivalent to 10-10 bit error rate (BER), was shown. This result makes POC
the leading company for 3-D optical interconnects. (See Figure 28 for details.)
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Figure 28
Demonstrated Modulation Bandwidth of Board-to-Board 3-D Optical Interconnects
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Finally, the smallness and cost effectiveness of the proposed microprisms provide an array
of highly feasible applications. These include clock signal distribution, multi-wafer scale
integration for ultrafast 3-D optical computers, miniaturized sensor probes, optically
controlled phased array antennas and surface plasmon devices.

The demonstrated features of microprisms were summarized in Table 1. The microprism
features were compared to those of HOEs.
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